To determine whether calculated free testosterone (cFT) provides prognostic information independent of serum T for predicting morbidity and mortality in older men in cross-sectional and 5-year longitudinal analyses. We studied men aged ≥70 years at baseline (n = 1,705), 2-year and 5-year measuring serum T (liquid chromatography-mass spectrometry), SHBG (immunoassay), cFT (an assumption-free empirical formula) together with 24 morbidity and 4 mortality outcomes. For cross-sectional and longitudinal analyses we employed a joint prediction model using generalized estimating equation models adjusted for age, smoking, comorbidities, and body mass index (BMI) with men having both normal T and normal cFT as referent group. Most morbidity and mortality outcomes were predicted by a combination of low T and cFT (LL). By contrast, only a single morbidity outcome in cross-sectional and none in longitudinal analysis was predicted by low T/normal cFT (LN) or normal T/low cFT (NL) without significant LL associations (isolated discordance). While for the few outcomes that predicted morbidity in men with discordances (LN or NL), these predictions only occurred when LL was also significant. Hence, for morbidity or mortality prediction in older men, discordance between cFT and T is unusual and isolated discordance is rare, so that cFT provides minimal independent prognostic information over serum T.
In men, most circulating testosterone (T) is bound to SHBG with the remainder bound to albumin and other low-affinity binding proteins and only 1%-2% unbound to any circulating protein. The Free Hormone Hypothesis (FHH) postulates that this small unbound moiety is the most biologically active fraction of circulating serum T for its greater accessibility to tissues (1) . Yet this theory cannot explain why unbound hormones are more rather than less biologically active as they are also more accessible to sites of degradation than bound hormones. Yet, despite its wide adoption, the FHH remains unproven and almost untested (2) . FHH might have an empirical basis if FT provides additional independent biological or clinical information independent of serum T measurement for androgen-responsive health outcomes. There however has not been a systematic empirical evaluation of free testosterone (FT) measurement, for example, in predicting morbidity or mortality outcomes independent of accurate T measurement by mass spectrometry (MS)-based methods (3, 4) .
As dialysis-based laboratory measurement of FT is a laborious and exacting manual method, it is rarely available so that various formulae are substituted to calculate FT (cFT) (5-7). However, comparative evaluations based on laboratory FT measurement as the gold standard show that the widely used model-based formulae (Sodergard, Vermeulen) are inaccurate due to their obligatory assumptions of plug-in estimates for the stoichiometry and affinity of testosterone binding to SHBG (5) (6) (7) (8) (9) (10) . We therefore developed and extensively validated an assumption-free, fully empirical formula for cFT (FTZ) that does not require plug-in estimates of binding stoichiometry and affinity of testosterone for SHBG (5) (6) (7) . Therefore, the present study has primarily used this formula with comparison against a more widely used model-based (Vermeulen) formula (11) .
In multiple studies of older men in the Concord Health and Ageing in Men Project (CHAMP) (12) (13) (14) (15) (16) (17) (18) (19) and Health in Men Study (HIMS) (20) (21) (22) (23) (24) (25) cohorts, effect size and association of health outcomes based on accurate cFT estimates using the FTZ formula appeared not to diverge substantially from those based on serum testosterone measurement by LC-MS. Hence in this study, we aimed to determine formally whether accurately calculated FT provides additional prognostic information independent of serum T measured by LC-MS in predicting morbidity and mortality in older men in both cross-sectional and 5 year longitudinal analyses. As cFT is a deterministic function of T by its formula, we utilized a pattern of joint prediction to evaluate independent predictive contributions of health outcomes while avoiding collinearity.
Methods

Study Participants
The CHAMP study is a longitudinal, population-based observational study of male ageing conducted among men living in the vicinity of Concord Hospital in Sydney, New South Wales, Australia as described in detail previously (26) . Community dwelling men aged at least 70 years in 2005 were eligible with no other inclusion or exclusion criteria resulting in a final inception cohort of 1,705 participants. Baseline measurements were conducted between January 2005 and June 2007 using self-reported and intervieweradministered questionnaires and a wide range of clinical assessments. Follow-up assessments were conducted between January 2007 and October 2009 for 2-year follow-up, and August 2010 and July 2013 for the 5-year follow-up, with identical measurements as at baseline. All participants gave written informed consent. The study was approved by the Sydney South West Area Health Service Human Research Ethics Committee, Concord Repatriation General Hospital, Sydney, Australia.
Reproductive Hormone Measurement
Participants had an early morning fasting blood sample taken at baseline with serum stored at −80°C until assay. Measurement of serum T was by liquid chromatography-tandem mass spectrometry (LC-MS) as described (27) with modifications by introducing ultrapressure for high-pressure liquid chromatography with corresponding changes in extraction methodology validated according to FDA criteria (for details see Supplementary Methods in ref. (28) ). The steroid measurements were calibrated against certified reference materials for T (National Measurement Institute, North Ryde, Australia). The assays had between-run coefficients of variation at three levels (low, medium, and high) of quality control (QC) specimens of 1.9%-4.5%, 3.8%-7.6%, 2.9%-13.6%, and 5.7%-8.7%, respectively, over 224 runs including all samples from this study. Overlapping QC samples were routinely run at the start, middle and end of every run with each new QC control run multiple times for calibration before use and there was no evidence of assay drift (13) . Serum SHBG were measured by automated immunoassays (Roche Diagnostics Australia, Dee Why, Australia) subject to ongoing external QC program calibration with between-assay coefficients of variation for 2 levels of QC specimens in each run of 2.0%-2.8% for SHBG. The cFT levels in this study were computed using an assumption-free, empirical formula (FTZ) developed and validated against laboratory-based measurements of FT by dialysis methods which have displayed much closer conformance with laboratory-measured FT than model-based formulae (6,7).
Morbidity and Mortality Outcomes Measurement
Health-related quality of life and self-rated health were assessed using the 12-Item Short Form Health Survey (SF-12) (29) . Functional disability was defined using the Katz activity of daily living questionnaire (30) . Frailty was defined according to the criteria used in the Cardiovascular Health Study: weight loss/shrinking, weakness, exhaustion, slowness, and low activity (31) . Falls were measured at the four month follow-up phone calls after their baseline assessments, participants were asked whether they had fallen in the preceding 4 months and, if so, how many times they had fallen. Participants were assessed for cognitive impairment at the clinic assessment visits using the Mini-Mental State Examination (32) . Depressive symptoms were evaluated by the Geriatric Depression Scale, short form (33) . The participants were asked about erectile dysfunction, sexual activity, sexual desire, and sexual satisfaction using standard, validated questionnaires (34) . Metabolic syndrome was defined using the NCEP Adult Treatment Panel (ATP) III criteria (35) . Physical activity was measured using the Physical Activity Scale for the Elderly (PASE) (36) . Walking speed was measured at the participants' usual pace (31) . Trained staff used a stopwatch to record the time taken by the men to walk 6 m. The fastest time from two trials was used. Bone mineral density (BMD) at the total hip and femoral neck, lean mass and body fat was measured using dual x-ray absorptiometry (Discovery-W scanner Hologic, Bedford, MA). The appendicular lean mass (ALM) was calculated as the sum of lean mass of arms and legs (kg) (37) . The ALM was standardized by body mass index (BMI) (ALM BMI ) to take into account the body size of participants (38) . Handgrip strength was measured with a Jamar dynamometer (Promedics, Blackburn, UK). Weight (by a regularly calibrated scale), height (using a Harpenden stadiometer), and waist circumference were measured by a trained professional at the clinic visit. Fasting blood samples were obtained at each visit for biochemistry tests including hemoglobin, glucose, and prostate specific antigen (PSA) performed at the accredited Clinical Pathology department of Concord Hospital. The New South Wales Registry of Births, Deaths, and Marriages were contacted to ascertain death status. The Registry also provided details recorded on the original death certificate for all participants. Based on the information provided from the death certificates, the general underlying cause of death (cancer, cardiovascular, or other) was identified independently by two medical practitioners (R.G.C., D.J.H.) (13) .
Potential Confounder Measurement
Tobacco usage status (current, ex-, or never smoker) was by selfreported questionnaires. A comorbidity score was calculated as the sum of all conditions reported from the 19 disorders listed in the questionnaire. BMI was calculated from clinic measurements of height and weight.
Statistical Analysis
Descriptive characteristics of reproductive hormones at baseline and study health outcomes at baseline, 2-year and 5-year follow-up were generated for the analytic sample (Table 1) . Participants were categorized into four mutually exclusive groups based on their baseline serum T and cFT defining "low" for these analyses by setting a threshold of the lowest quintile (20 th centile) for serum T (10.2 nM) and cFT (156 pM). The referent groups for all cross-sectional and longitudinal analyses were men with both normal serum T and cFT (NN) with the other groups defined as men with the combinations of normal T/low cFT (NL), low T/normal cFT (LN) or low T/low cFT (LL). Of the 1,705 participants who completed the baseline assessments, a total of 1,651 were included for analyses in this article, after excluding men using androgen or antiandrogen treatments (n = 20) or with missing data on reproductive hormones (n = 34).
Joint prediction in cross-sectional associations between the T/cFT status and health outcomes were assessed by logistic regression for categorical health outcomes, by multiple regression for continuous health outcomes and by Cox regression for mortality outcomes. Results were summarized into concordant findings (only statistically significant LL), discordant findings (either statistically significant LN and LL, or statistically significant NL and LL), and isolated discordance findings (statistically significant LN or NL without statistically significant LL). The detailed results for categorical variables are presented as odds ratios (95% confidence interval), for continuous variables are presented as β values (95% confidence interval) and for mortality are presented as hazard ratios (95% confidence interval).
Similarly, longitudinal association between baseline T/cFT status and changes in health outcomes across baseline, 2 years and 5 years were assessed by generalized estimating equations (GEE) with exchangeable working correlation and robust variance estimator. The multinomial cumulative logit model was used for categorical morbidity outcomes, linear model for continuous morbidity outcomes and Poisson loglinear model for mortality outcomes. GEE method is robust and efficient when treating missing data in longitudinal studies (39) .
Model building for both cross-sectional and longitudinal analyses included adjustment for known major covariates, notably, age, BMI, smoking status, and comorbidity. BMI was not adjusted for in analyses for metabolic syndrome, body fat, weight, and waist circumference analysis. For post-hoc analyses, a Bonferroni adjustment to notional p values was performed to account for multiple comparisons involved in evaluating 28 outcome comparisons from a single set of data so that the conventional 0.05 level of significance was adjusted to a threshold of 0.002 (0.05/28). Models were fitted using SPSS software version 20 (IBM Corp., Armonk, NY) and SAS software 9.3 (SAS Institute Inc., Cary, NC).
Results
The demographic and anthropometric details of the CHAMP cohort are provided in Table 1 and the descriptive details of T, SHBG, and cFT are provided in Table 2 . A total of 1,283 men (78%) were categorized into normal T/normal cFT (NN), 40 men (2%) into normal T/low cFT (NL), 38 men (2%) into low T/normal cFT (LN), and 290 men (18%) into low T/low cFT (LL).
Cross-Sectional Morbidity Analysis
The baseline cross-sectional associations between T/cFT status and morbidity outcomes are shown in detail in Supplementary Table 1 and summarized in Table 3 and Figure 1 . After multivariable adjustment of the baseline cross-sectional data, low T/cFT (LL) was significantly associated with 15 of 24 outcomes (frailty, falls, sexual satisfaction, sexual desire, sexual activity, metabolic syndrome, physical activity, walking speed, physical quality of life, weight, hip BMD, body percent fat, waist circumference, glucose, hemoglobin, and PSA). Where LL was not a significantly associated with outcomes, there was only a single morbidity outcome that remained associated with either LN or NL (isolated discordance). A few morbidity outcomes displayed significant associations with discordant findings-four outcomes (metabolic syndrome, weight, fat mass and waist circumference) for LN and three outcomes (weight, fat mass, and waist circumference) for NL-but for each of these outcomes LL was also significant. After Bonferroni correction, LL remained significantly associated with 8 of 24 outcomes in cross-sectional analysis with additional discordant findings in 4 outcomes for LN and no outcomes for NL. There were no associations with isolated discordance.
Longitudinal Morbidity Analysis
The longitudinal associations over the 5-year follow-up between baseline T/cFT status and changes in morbidity outcomes are shown in detail in Supplementary Table 2 and summarized in Table 3 and Figure 1 . Similar to the cross-sectional analysis, in multivariate adjusted models of the 5-year longitudinal analysis, low T/cFT (LL) was statistically significantly associated with 16 of 24 outcomes (poor self-rated health, activities of daily living disability, frailty, sexual satisfaction, sexual desire, sexual activity, metabolic syndrome, physical activity, walking speed, hip BMD, physical quality of life, weight, body percent fat, waist circumference, glucose, and hemoglobin). Significant discordant findings were present in six outcomes (metabolic syndrome, weight, fat mass, waist circumference, glucose, and hemoglobin) for LN and four (sexual activity, hip BMD, fat mass, and hemoglobin) for NL where LL was also significant. There were no significant isolated discordant findings (significant LN or NL without significant LL). After Bonferroni correction, LL remained significantly associated with 9 of 24 morbidity outcomes with additional discordant findings in 4 outcomes for LN and no outcomes for NL, all in conjunction with significant LL.
Sensitivity Analysis
One sensitivity analysis performed used the same empirical formula (FTZ) but lowering the threshold to define "low" from lowest quintiles (lowest 20%) to lowest centiles (lowest 10%) for the morbidity analysis produced essentially the same results. In the multivariable adjusted model, LL was significantly associated with 12 of 24 morbidity outcomes in cross-sectional and 15 of 24 outcomes in longitudinal analysis (Table 3 ). Additional significant discordant findings (LN or NL) in conjunction with significant LL were present for 6 outcomes in cross-sectional and 15 outcomes in longitudinal analysis. When LL was not significant (isolated discordance), only 1 outcome in cross-sectional and 1 in longitudinal analysis were significantly associated with an adverse morbidity outcome.
Another sensitivity analysis was conducted using the Vermeulen cFT (lowest quintile) for the same morbidity analysis and the findings were similar to our original analysis using the more accurate FTZ formula. In multivariable model, LL was significantly associated with 12 of 24 morbidity outcomes in cross-sectional and 15 of 24 outcomes in longitudinal analysis. Where LL was not a significant predictor, isolated discordant findings (either LN or NL significant) were associated with only 1 outcome in cross-sectional and 1 in longitudinal analyses. Among men with discordant findings (significant LN or NL, with significant LL), morbidity prediction was present for 6 outcomes in cross-sectional and 15 outcomes in longitudinal analysis.
Cross-Sectional and Longitudinal Mortality Analysis
With multivariable adjustment, both the baseline cross-sectional as well as the longitudinal mortality analyses (Supplementary Table 3) showed significant effects for LL in all-cause, cardiovascular and other but not for cancer mortality. For no mortality outcome was there significant prediction when LL was not significant and where mortality outcomes were predicted by discordant (NL or LN), LL was also significant. Primary; primary analysis using an empirical formula (FTZ) categorizing low T and low cFT based on lowest quintile. Sensitivity 1; sensitivity analysis using the same FTZ formula categorizing low T and low cFT based on lowest centile. Sensitivity 2; sensitivity analysis using the Vermeulen formula categorizing low T and low cFT based on lowest quintile. 
Discussion
Many studies have reported associations between health outcomes and low T or low cFT, considered as separate parameters, among older men (40) . However, we observed consistently in a series of studies from the CHAMP (12) (13) (14) (15) (16) (17) (18) (19) and HIMS (20) (21) (22) (23) (24) (25) cohorts that cFT as a predictor rarely, if ever, provided any significantly different information on health outcomes from serum T measured by LC-MS. Furthermore, as the FHH remains largely untested, there remains minimal critical evidence to what extent, if any, FT data provides additional biological or clinical insight independent of accurate serum T measurements by LC-MS in men (41) . The present findings investigating a wide range of morbidity and mortality outcomes in older men suggest that cFT rarely adds independent prognostic information to serum T measured by LC-MS in either cross-sectional or longitudinal analyses.
An important caveat is that the utility of health outcome predictions by T and/or FT, depends on the accuracy of the T and FT estimates employed. Until recently, most studies relied upon T immunoassays which suffer from method-specific and other technical limitations notably if applied to reduced serum testosterone such as in older men (3, 4) . This became a greater problem over the decades after the 1980's when direct, nonextraction immunoassay became almost universal in clinical practice and research. Over the last decade, more accurate measurement of serum T has become more widely feasible using modern, bench-top LC-MS to supplant direct (unextracted) T immunoassays.
Currently, especially for large-scale epidemiological studies, FT is rarely measured directly by dialysis-based laboratory reference methods. These methods are laborious, exacting and require manual laboratory skills which have been largely eliminated by the deskilling automation of chemical pathology laboratories. Furthermore FT measurements lack quality control programs or validated reference ranges. Instead, FT is usually calculated by a variety of formulae which fall into two classes, model-based equilibrium binding and fully empirical equations. These differ in their assumptions and in conformance in accuracy to dialysis-based laboratory gold standard reference methods. The accuracy of cFT is crucial because any formula produces a deterministic (inverse) function of age as it compounds two age-dependent variables-testosterone and SHBG. Unless the formula accurately represents the authentic laboratorybased FT measurement it intends to represent, it will display a spurious correlation with any age-dependent variable regardless of whether that variable has any genuine biological relationship to testosterone.
The FTZ equation was originally developed from a large data set of 3975 serum samples by identifying the optimal regression formula of laboratory dialysis-based reference FT measurements on serum testosterone and SHBG measured in the same samples. This formula was cross-validated against a separate set of 124 serum samples (6) and then subsequently confirmed as highly accurate when tested in a different large data set of 2,159 samples from another laboratory using different methods to measure FT, testosterone and SHBG (7) . A key finding from the extensive validation involving over 6,000 serum samples was that the widely used, model-based equilibrium binding equation-based formulae by Vermeulen (11) and Sodergard (42) display marked bias deviating from the laboratory-measured FT. These deviations were due to both wrong stoichiometry as well as arbitrary plug-in binding affinity coefficients for T binding to SHBG (6, 7) , the latter varying fivefold among the various implementations of model-based equilibrium binding formulae (43) .
The present study uses this FTZ formula to evaluate the impact of accurately estimated cFT, corresponding most closely to laboratory-based FT measurements, on morbidity and mortality outcome predictions. The novelty of the current longitudinal study is that it investigates both serum T and cFT levels concurrently as joint predictors of a wide range of health outcomes over time. Our analysis revealed that both cross-sectionally and longitudinally over 5 years, men with concordant low serum T and cFT as well as those with concordant normal T and cFT were more likely to die or experience adverse health outcomes. On the contrary, only a minority of men had variables displaying discrepancies between T and cFT values and where there was an isolated discordancethat is discordance between T and cFT but not accompanied significant association or prediction by LL-was rare. Hence, not only are discrepancies unusual but cFT alone predicts almost no health outcomes among older men independent of an accurately measured serum T. Altogether, the present analysis provides a comprehensive analysis of a wide range of health outcomes including nonspecific symptoms resembling those of androgen deficiency or many other chronic diseases.
A recent study from the EMAS cohort evaluated the FHH among older men by analyzing cross-sectionally the joint association of cFT and T with health outcomes. They reported that low Vermeulen cFT, even in the presence of normal T, but not the combination of normal cFT and low T, was associated with a range of nonspecific symptoms including sexual and physical symptoms (44) . In a previous study, they reported that low T and cFT were associated with sexual but not physical or psychological symptoms (45) although the sexual symptoms had high rates of false positive and false negatives reflecting their nonspecificity and the direction of causality could not be determined. This reflects the fact that genuine androgen deficiency symptoms are, for any individual, are highly reproducible at consistent blood testosterone concentrations (46) ; however, as the actual symptoms differ widely between individuals, grouping individuals according to symptoms erodes the relationship of symptoms to blood testosterone concentrations (47) . Furthermore, as the Vermeulen model-based cFT formula systematically deviates from laboratory measured FT values as reported by several independent groups (5-10). Yet, as any cFT remains a deterministic (inverse) function of age, failure to correspond accurately to laboratory-measured FT makes it likely that any relationship to age-related symptoms may reflect residual confounding due to the age-mismatch of the subgroups (persisting after linear age adjustment) rather than any authentic relationship with serum T. The present analysis, using a more accurate and extensively validated cFT formula so that it corresponds more closely to laboratory-measured FT, showed that cFT and T were usually concordant and, in the unusual instances where there was a discordance, that almost always occurred only when the concordant low T/low cFT was also significant. In our analysis as well as that using the Vermeulen formula, significant isolated discordant association or prediction by a low cFT was rare and had little impact on prediction of mortality or morbidity over the next 5 years. Instead it was the combination of both a low T and low cFT that was significantly associated with most outcomes although the direction of causality remains undetermined.
Our study shows that men with low T were most likely to have low cFT while men with normal T were most likely to have normal cFT. Only a very small proportion had discordance with either normal T and low cFT, or low T and normal cFT and when this occurred it was almost invariably in the setting where the concordant combination of low T/low CFT was also significant. The major finding in this study is consistent with previous studies showing low T and low cFT, as separate parameters, are associated with these many health outcomes such as general health status, functional ability, metabolic syndrome, bone health, cognition, sexual function, etc. These findings confirm our impression from previous studies in the CHAMP (12) (13) (14) (15) (16) (17) (18) (19) and HIMS (20) (21) (22) (23) (24) (25) cohorts that show very similar effect size and associations in either low T or low cFT with a wide variety of health outcomes (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . This suggest that cFT provides minimal independent predictive information for health outcomes independent of accurately measured serum T and questions whether cFT estimates, even when accurately calculated, provide any useful information for clinical practice.
The strengths of this study include the use of longitudinal data to investigate a comprehensive profile of T/cFT status in conjunction with a wide array of key morbidity and mortality outcomes over three follow-up time-points spanning 5 years. Another is the use of the LC-MS, the current gold standard for steroid assays, providing multianalyte steroid profiling. This improves upon direct immunoassay methods which, lacking extraction and chromatography, feature poor accuracy at low levels of circulating sex steroids, which is particularly problematic for measuring circulating T in older men (3, 4) . Furthermore, we used an extensively validated, assumptionfree formula for cFT which corresponds more accurately to laboratory-measured FT than previous model-based equilibrium binding formula that rely on arbitrary plug-in coefficients. A further strength of CHAMP is that it includes a large and representative group of older Australian men, as demonstrated by similar sociodemographic and health characteristics compared to older men in the nationally representative MATeS study (48) .
A significant limitation of our study is the impact of survivor bias. This applies to the survivorship in the cohort with most losses due to mortality which accounted for nearly 35% of loss to follow-up in our cohort. On the other hand, mortality was evaluated as an outcome so that this cohort provides a more complete view of the causes and determinant of mortality among living older men. To avoid the impact of potential diurnal variation in hormone concentrations, a rhythm that is mostly lost in ageing men (49), we obtained fasting morning blood samples in this study and evaluated joint prediction to avoid collinearity between cFT and T.
In conclusion, concordant low serum T and cFT levels were strongly associated with many health outcomes in older men whereas among the minority of men with discrepancies between T and cFT, such discordance was associated with or predicted few health outcomes and only then when for the same outcome, there was also a significant association or prediction by the combination of both low T and cFT. Hence, in addition to the ambiguous theoretical basis of the FHH, the present findings suggest that even accurately cFT estimates provide minimal additional clinical or biological information independent of accurate measurement of serum T concentrations for mortality or morbidity outcomes in older men. These findings provide little support for the application of the FHH to studies of testosterone and clinical outcomes in older men.
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